Introduction
Stroke is characterized by a partial (or total) paralysis of one side of the body induced by a monohemispheric cerebral vascular accident (CVA). It results in an important chronic functional limitation of upper limb and daily living functions, even after several months of rehabilitation (1, 2). For a long time, therapeutic interventions as well as research protocols in stroke have been focusing on the isolated dynamics of the impaired limb. Consequently, existing data on bimanual coordination defi cits following CVA are sparse, and evidence is still lacking when it comes to multiple key points (how, why, and when bimanual coordination is impaired after stroke).
During the last three decades, movement scientists working in the theoretical context of dynamical systems devoted their efforts to understand the mechanisms and principles underlying the emergence, stabilization, destabilization, and changes of coordination patterns. The "synergetic approach" (3) and the paradigm of rhythmic bimanual coordination (4) (5) (6) have provided new grounds to address these issues and allowed the conceptualization and modeling of both spontaneous and directed nature of interlimb synergies. As a result, a basic understanding of coordination dynamics and its neural basis has begun to emerge (7, 8) . However, since the dynamic theory of coordination patterns has primarily focused on nondisabled individuals, its possible applications to motor defi cits and therapeutic interventions have been rarely envisaged (9-15), and it has been even more scarcely proposed as an interesting background to explore and re-establish disturbed bimanual synergies (16). Thus, it remains unclear for researchers and clinicians how approach may provide an adequate theoretical framework along with valuable methods to address the issue of bimanual coordination in a pathological context (such as stroke). More importantly, it is unclear how this approach may provide clinical guidelines to improve the effectiveness of rehabilitation protocols.
In the present paper, we mainly aim to draw research directions to clear up how the basic coordination principles (coordination patterns, coupling, symmetry-breaking, etc.) established in the undamaged neuro-musculo-skeletal system (NMSS) might offer a conceptual and methodological framework for understanding and rehabilitating bimanual coordination in stroke.
limb function by exploiting the coupling principles of bimanual coordination that have been established by the dynamic approach in healthy individuals. The guiding thread consists in using the behavioral signatures introduced by the dynamic systems approach as a window into the neural and functional alterations after stroke.
This section is divided into two parts. In the fi rst part, we present a brief review of the fundamental concepts and fi ndings of the dynamical systems approach to bimanual coordination. In the second part, we explore those principles in the context of research and rehabilitation in stroke. We concretely envisaged a number of implications of the "dynamic systems" view to understand bimanual coordination in stroke patients and to ensure the recovery of more adaptive coordinated movements.
1. Dynamical systems approach to bimanual coordination in the undamaged neuro-musculo-skeletal system 1.1. Self-organizing and coupling properties. In contrast with the prevailing classical approaches that reduce bimanual coordination to a preplanned behavior couched in motor programs and internal models, the dynamical systems approach emphasizes the self-organizing character of movement patterns formation and reorganization. Inspired by the oscillator theory, this approach assumes that basic coordination patterns emerge, spontaneously, under certain conditions, as the result of self-organization and coupling infl uences between interacting components at multiple levels of the NMSS. Indeed, nonlinear dynamical systems are highly interconnected systems composed of many interacting parts, capable of constantly changing their state of organization. The spontaneous patterns can be further stabilized or overcame through intention, attention, or learning, which accounts for the directed aspect of interlimb synergies. Accordingly, in cyclic bimanual coordination, the coupling interactions (at different levels of the NMSS) can be captured by a low dimensional order parameter, which is the relative phase between limbs. This so-called collective variable allowed the characterization of two preferred patterns of coordination (5): the "inphase" mode (0° of relative phase) and the "antiphase" mode (180° of relative phase). The inphase pattern is classically defi ned as involving symmetric movements of the limbs in opposite direction, while the antiphase pattern consists in parallel movements in the same direction. These emergent "default" patterns have a different stability that could be measured by the relative phase variability. Actually, regardless of the task, the "inphase" pattern showed to be the most stable one, whereas an unavoidable switch (transition) occurs from antiphase to inphase pattern each time the oscillation frequency (control parameter) exceed a given critical threshold.
The dynamics of spontaneous bimanual coordination has been formalized by the HKB model (6). In this model, the relative phase, capturing the inherent properties of the NMSS, at a behavioral level, is formulated by the following equation of motion:
The a and b parameters refl ect the coupling strength, and the change in their ratio (b/a) mimics the effect of the control parameter (its decrease corresponds to an increase in movement frequency and consequently to a destabilization of the antiphase pattern). "Qε" represents the constant fl uctuations due to noise. Based on this model, the dynamics of bimanual coordination is represented by the landscape of the potential function (Fig. 1) .
In Fig. 1 , the two valleys of different depth represent the default coordination patterns of different stability (located at 0° and 180°). An overdamped particle moving freely in this landscape represents the current coordination state of the system. Thus, depending on its initial state, the system is attracted to one of the two valleys. The relative depths of the two valleys may vary as a function of b/a (oscillation frequency), thus modifying the attractive strength of the stable states and eventually leading to a monostable landscape (phase transition).
The attractive properties of stable states (0° and 180° of relative phase) result from the nonlinear coupling existing between limbs, that is, to the informational fl ow that links the system's components and captures the multiple interactions on various levels (neural, musculo-skeletal, vascular, etc .; see also Bingham et al. (17) ). The neural basis of bimanual coupling is determined by the bilateral interactions and information fl ows circulating essentially between the two hemispheres and resulting in what is called the neural crosstalk occurring at dif- Fig. 1 . HKB potential function on the interval (-180°, 180°) for different values of b/a ferent levels of the central nervous system (CNS) (18-21). 1.2. Symmetry-breaking phenomena. By definition, coordination consists in establishing stable and accurate spatiotemporal relationships between (among) two (or more) components. These components might be relatively similar (bimanual coordination) or structurally different (speech). To take into account the neuroanatomical differences along with differences in intrinsic frequency proper to each component, a "broken symmetry" term (δω) has been added to the HKB model (22). Therefore, "relative coordination" was introduced into coordination dynamics. In contrast with "absolute coordination" (phase locking), relative coordination refl ects a less rigid and more realistic behavior. At very low values of asymmetry (δω≈0), one could obtain phase locking as in the original symmetric coordination model but with a slight shift from the initial patterns (relative coordination). However, with increasing asymmetry, the attractors are weakened and eventually disappear (loss of synchronization, see Fig. 2 ). Interestingly, the modifi ed version of the phase dynamics accounts for both asymmetry magnitude (represented by the added δω term) and coupling strength (represented by b/a ratio). In other terms, the onset of the running solution depends upon both "δω" and "b/a" values.
The "symmetry-breaking" concept introduced by Kelso et al. (22) is considered as a kind of perturbation of the initial dynamic repertoire of the system. Later on, Fuchs and Jirsa (23) introduced an additional form of symmetry breaking, which rather modulates the available dynamic repertoire. This latter form of asymmetry refl ects a different type of mechanisms that could not be understood in the framework of Kelso et al. (22) . It is more related to the functional aspects of the perception-action cycle rather then biomechanical ones. Fuchs and Jirsa's parameter "σ" allows the coordinating system to interchange the position of the attractors, e.g. for σ=1, the potential landscape becomes totally reversed so that the inphase pattern becomes the less stable pattern and increasing the oscillation frequency would give rise to a transition to the antiphase pattern (as observed in Carson et al., (24) ). More interestingly, for intermediate values of σ (σ≈0.5), the potential curve looses its stable fi xed points, leading to a total absence of coordination (components act independently, see Fig. 3 ). The mechanisms giving rise to such symmetry breaking are probably related to the nature of the neural coupling underlying the coordination dynamics.
Both aspects of asymmetry, neuromechanical (δω) and perceptual-motor (σ), contributed to a better understanding of the coordination dynamics, along with providing a more realistic representation of coordinative behavior. These symmetry-breaking phenomena are of a particular importance when addressing the dynamics of a perturbed system, i.e. where asymmetries are accentuated by a central or peripheral pathology.
Rita Sleimen-Malkoun, Jean-Jacques Temprado, Eric Berton σ In analogy to the HKB model of rhythmic coordination patterns, Schöner (25) proposed a dynamical model to capture the synchronization/desynchronization tendencies observed in discrete bimanual coordination (26, 27) . Synchronization tendency results from the coupling effects constraining limbs to act as a single unit under functional synergies. It consists in mutual temporal entrainment leading to a common behavior even if the constraints imposed to each of the limbs are different (28). The same coupling could be observed on a spatial level where limbs are constrained to share a common trajectory (29). The model proposed by Schöner (25) predicts that depending on the asymmetry between limbs, bimanual coordination may (or not) be dominated by one component, and coupling may (or not) be strong enough to lead to synchronization. The breaking of synchronization between limbs is associated to a sequential initiation of discrete movements.
More recently, a unifying perspective to continuous and discrete movements has been offered by Huys et al. (30) using the fi rst established principles in dynamic system theory. In summary, the excitatory model (31) proposes that movements, independently of the discrete or continuous nature of the adopted regime, can be described by a fl ow fi eld in the state (or phase) space. The description of movement patterns via phase fl ows offer a powerful theoretical tool to descried and understand dynamics patterns and coordination dynamics (see Jirsa and Kelso (31) for more details).
In the following section, we argue on how the conceptual framework of the synergetic approach (6, 25, 31) could provide some interesting insights to investigate coupling alterations after stroke along with inspiring new rehabilitation strategies directed toward the recovery of an effi cient coordinative behavior.
2. New directions to bimanual coordination in stroke offered by the dynamic systems approach 2.1. Two coordinated hands are more than the addition of "one plus one." Most daily living activities require the simultaneous use of both hands involving symmetrical (moving a large box) and asymmetrical (opening a jar) movements. With age, we become even more dependent of bimanual movement (32), which is particularly handicapping for persons who have impaired (or no) manual control, as stroke patients. In this respect, it is known that, even after a long rehabilitation period, over 50% of patients suffer from long-term impaired upper limb function compromising their autonomy and quality of life (2). Consequently, over the two decades, researchers and clinicians concentrated their efforts both on the understanding of manual defi cits due to stroke and on the development of new rehabilitation strategies (e.g. constraint-induced movement therapy, robot-assisted training, bimanual arm therapy, see Oujama et al. (33) for a review). Nonetheless, an important fact was often omitted concerning that functional abilities (essentially bimanual) are not a simple addition or combination of one-handed skills. Actually, from the point of view of dynamic systems, bimanual behavior is considered as the result of a task-specifi c functional pattern (synergy), where the two components (upper limbs) act as a single unit. Therefore, characterizing unimanual impairments is not suffi cient to determine the extent of bimanual defi cits, and by the same logic, rehabilitating unimanual control would not ensure the improvement of the bimanual one.
Several studies have examined reaching behavior in stroke. However, the majority of these studies used the bimanual behavior as a specifi c context to characterize the kinematical performance of the paretic limb and compare it to the unimpaired limb. Authors mainly reported a decrease in peak velocity, a decrease in movement amplitude with an increase in trajectory curvature, and an increase in off-axis forces against the support surface, moreover a segmentation in movement with a decrease in movement smoothness (leading to multiple peak velocities during the same movement cycle) (34, 35) .
In stroke rehabilitation literature, alterations of bimanual coordination are usually considered as the consequence of the paretic arm impairment. Undeniably, motor defi cits in the paretic arm constitute a major obstacle to the recovery of bimanual coordinated movements, most likely because they introduce an asymmetry between the two-hand kinematics. The dynamic systems approach to bimanual coordination suggests that bimanual asymmetry could be attenuated, at least in part, through coupling interactions between limbs. Thus, investigating how coordination principles persist or are eventually lost in stroke patients may constitute a promising, though indirect, window into brain/behavior dynamic relationships when various components of the NMSS are (more or less severely) altered. A careful analysis of the literature suggests however that the status of bimanual coordination in stroke rehabilitation remains ambiguous (36-39). Although most authors often underlined the importance of bimanual coordination recovery for stroke patients, bilateral arm training strategies (BATRAC, APBT, BIT, etc.) have been proposed as a tool for improving, quasi-exclusively, the individual performance of the paretic limb. Accordingly, impairment levels along with the response to therapy (recovery) were always measured by using motor scores and dexterity index tests, and in order to satisfy the therapists concerns for daily living activities, qualitative func-tional assessments were often used (Fugl-Meyer Assessment Score, Action Research Arm Test, Wolf Motor Function Test, etc.). Unfortunately, on the one hand, all of these tests do not provide any information about the possible causes for defi cient task performance, in particular those resulting from alterations in bimanual coupling. Moreover, on the other hand, none of them is trained-task specifi c, i.e., none is directed toward the assessment of the task(s) used for rehabilitation.
2.2. Clinical assessment through the use of specific functional neurobehavioral variables. Concerning assessment strategies and methods, the attention of therapists should be drawn on several important points arising from the dynamic systems approach to coordination patterns: (a) the assessment of the persistence of the basic bimanual movements repertoire could be a preliminary step toward a better understanding of the NMSS dysfunctions; (b) defi cits or gains in bimanual coordination do not automatically arise from impairments or progress in unimanual control instead, they must be looked at as specifi c synergies; and (c) restoring the default mode of interlimb coupling may be indicative of an ongoing re-learning process, which is of potential benefi t for stroke patients.
Assessing bimanual coordination performance and interlimb coupling, in order to quantify and qualify the nature of coordination defi cits in stroke, requires the identifi cation of the appropriate "collective" variables. Relative phase and relative timing between limbs, which are the order parameters of coordination dynamics according to the dynamic systems approach (respectively in rhythmic and discrete coordination tasks), are good candidates to capture changes in bimanual coordination accuracy and stability in stroke (15, 40) . Such variables could be looked at as behavioral signatures providing an effective and accessible tool to assess coordination and coupling impairments after a CVA. Moreover, it could also be used to evaluate recovery during and following rehabilitation without having to use "heavy" or invasive techniques. However, these variables do not replace functional scores and kinematical tests; instead they provide a complementary outcome measure specifi c to the assessment of the spatiotemporal relationships between coordinated components, which are often the primary locus for dysfunctions in pathological movement disorders.
It can be hypothesized that the unilateral hemispheric lesion in stroke patients might disturb the connectivity scheme within the CNS, which will affect the coupling strength and consequently the stability of coordination patterns. Theoretically, such hypothesis is supported by Banerjee and Jirsa's dynamical model (21) on the infl uence of neural connectivity and time delays of information fl ows on the stability of inphase and antiphase coordination patterns. This model is based on the neural crosstalk concept (18, 19) , which gives rise to the bimanual functional coupling scheme. According to Banerjee and Jirsa (21) , the increase in variability of bimanual coordination patterns can be predicted and explained by the alterations of neural connectivity (which mimics the changes in coupling strength in the HKB model) and also by an increase in time delays of information circulation and information processing in the nervous system. However, existing data are spare in this respect since researchers were primarily interested in accuracy of bimanual performance rather than in movement variability. Actually, although the variability has been considered as a very important parameter in the dynamic systems approach to coordination patterns, it is still far from being generally integrated into therapeutic practice (41). Recently, though not in the theoretical context of the dynamic pattern theory, few studies have been carried out to assess stability, accuracy of preferred patterns (i.e. phase and antiphase) and, eventually, phase transitions (in rhythmic and discrete coordination tasks) in hemiparetic patients. In general, they reported a decrease in consistency, accuracy, speed, and synchrony of bimanual movements (40, 42, 43) . Obviously, researchers and therapists should accord more attention to the intraindividual variability of coordination patterns. It is a signifi cant indicator of the processes underlying movement production. More specifi cally, it provides interesting insights on the stability of neurobehavioral coordination patterns as well as indirect information about the interlimb coupling strength.
2.3. Clinical intervention through the manipulation of specific constraints. According to the dynamic systems approach, stable bimanual coordination patterns emerge as the result of a coalition of internal (i.e. brain connectivity and neural dynamics) and external (i.e. task and environmental) constraints. Consequently, when internal constraints are altered due to a given pathology, e.g., stroke, the adaptation of the external constraints imposed to the system during rehabilitation becomes of a fundamental importance. More precisely, to enhance recovery through inducing plastic changes at different levels of the CNS, the adopted neurorehabilitation strategy should be able to adapt task and environmental constraints in order to compensate for the dysfunctional internal constraints. The cornerstone of a "dynamical strategy" to rehabilitation lies in the exact identifi cation, the appropriate setting, and the adequate manipulation of different external constraints, which facilitate the production of adaptive coordinated behavior. By conjugating (a) scaling control parameters of the coordination pattern (e.g. movement speed, physical support, etc.), (b) provid-ing behavioral information (e.g. instruction on movement goal, augmented auditory or visual feedback, guiding metronome, etc.), and (c) practicing a single or multiple coordination task across multiple training sessions, therapists may expect to obtain both shortterm and delayed effects on coordinated behavior, as a result of stabilized CNS adaptations. Short-term effects would result from the transient effects of control parameters and behavioral information. Long-term effects would result from the repetitive practice in specifi c conditions. Here, an important message arising from the dynamic systems approach is that, for a given coordination pattern, the inappropriate scaling of the control parameter (e.g. movement speed) may preclude or, conversely, facilitate the production of an adaptive coordinated behavior.
2.4. Exploiting symmetry-breaking phenomena. The importance we accord to external constraints scaling is inspired and supported by the broken-symmetry principle. Actually, we consider coordination impairment in stroke partially resulting from a symmetry-breaking phenomenon in the coordination dynamics. According to Schöner's (25) model of discrete bimanual coordination, it can be hypothesized that relative timing between limbs expresses the effects of two types of factors: (a) biomechanical factors, such as neuromuscular stiffness of the paretic limb (spasticity), and (b) neural coupling factors (cross-talk). Thus, each of these factors could be the source of a certain amount of asymmetry that will shape the potential landscape of the coordination dynamics. Currently, we are conducting several experiments in order to determine the respective effects of each of these asymmetry sources, both in healthy individuals (by manipulating informational and mechanical constraints) and stroke patients (with different types of lesions and severity levels). We are particularly interested in exploring whether (more or less severely impaired) stroke patients are able to perform synchronized (relatively stable) bimanual patterns when asymmetry between limbs is attenuated by specifi c manipulations of constraints on either the nonparetic (e.g. progressive mechanical and/or informational loading) or the paretic arm (focus of attention, reduction of spasticity). An eventual tendency to resynchronization when asymmetry is attenuated would correspond to a transition from antiphase to inphase pattern. Moreover, at a given level of dissimilarity between limbs, we expect to observe a transient loss of coordination characterized by a complete independence of the limbs. In the extended version of the HKB model, such situation has been simulated thanks to a frequency detuning parameter (22). This parameter acts as a local mechanism on individual states thereby resulting in changes in the directional bias of phase transitions (antiphase to inphase) and occurrence of phase wrapping (no coordination or relative coordination). In Fuchs and Jirsa's extension, the symmetry breaking parameter acts as a global mechanism affecting the entire dynamic repertoire by modulating the stability of all coordination patterns. In Schöner's model, however, increasing temporal asymmetry between limbs is not predicted to give rise to relative coordination but instead, to abrupt transition from synchronized to desynchronized pattern. Thus, if relative coordination was observed, an extension should be added to Schöner's model in the spirit of Fuchs and Jirsa's model (23) and would correspond, in our experimental paradigm, to a transition from desynchronization to synchronization tendency when temporal asymmetry between limbs is attenuated. Since neural coupling is presumably altered as a consequence of CVA lesion (attention defi cits, time delays in the information exchange, etc.), the type of symmetry breaking following Fuchs and Jirsa offers itself as a candidate mechanism. The effects of reducing spasticity of the paretic limb on bimanual coordination will also be of particular interest to distinguish the respective effects of neuromuscular factors and neural coupling. Finally, one can hypothesize that behavioral expressions of asymmetries and relative coordination caused by CVA lesions might depend on multiple factors, e.g. the location of the lesion (dominant/nondominant hemisphere), the age of the patient, and the constraints of the task.
From a therapeutic point of view, we are used to consider coupling as functional only when it permits to create a "positive entrainment effect" that is, when temporal and/or spatial features of the nonparetic arm trajectory interfere with the paretic arm trajectory thereby improving its performance. Such reasoning encouraged researchers and therapists to examine and develop the use of bimanual training in rehabilitation (37, 44) . However, the predictions that in two-handed conditions, the paretic limb movement will be faster, more accurate, and smoother were rarely verifi ed in the existing literature. Yet, from an objective point of view, coupling exists as long as there are spatial and temporal interferences, i.e., even an asymmetric infl uence of the paretic limb toward the nonparetic one indicates the persistence of bimanual coupling. The results observed in the literature, both in healthy (26, 28) and stroke participants (43-47), suggest a predominant, asymmetric coupling effect from the slower (i.e. paretic) to the faster (i.e. nonparetic) limb. Therapeutic interventions should then focus on training bimanual coordination in specifi c conditions that reduce interlimb asymmetries. For instance, one can propose to do so by: (a) adapting mean movement time, (b) reducing effective asymmetry between limbs (e.g. by loading the arm, reducing spasticity, etc.), (c) changing asymmetry through changes in informational constraints, (d) changing attentional conditions of the task either by instructing participants to allocate more attention to the paretic arm or by reorganizing the starting point and targets locations (see (48, 49) ).
Conclusion
No doubt, the dynamic systems approach to research can signifi cantly contribute to assessment and rehabilitation in stroke. In the present paper, we intended to provide a new conceptual and methodological framework to approach a bimanual coordination study and rehabilitation in stroke. In this respect, we focused on how cerebral vascular accident-induced alterations and functional recovery of coordinated behaviors can be understood as the result of complex interactions among multiple constraints arising at different levels of the neuromusculo-skeletal system. By reviewing and illustrating the elementary principles of coordination dynamics in both cyclic and discrete movement tasks, we concretely envisaged a number of implications to understand how one might exploit self-organizing properties and coupling principles in order to assess bimanual behavior and stimulate the recovery of more adaptive coordinated movements.
The suggestions made in the current paper open doors for new perspectives in research and new strategies for clinical practice. However, before making formal recommendations, experimental and clinical studies are still necessary. In particular, further studies are still needed in order to elaborate founded guidelines to improve the effi cacy of upper limb rehabilitation strategies regarding the recovery bimanual coupling. Such a program is currently in progress in our laboratory. It should help to determine how bimanual coordination training could take part of a global and comprehensive neurorehabilitation strategy. Nevertheless, even in absence of fi rm recommendations, we encourage researchers and clinicians to include the promising concepts and methods of the dynamic systems approach into their reasoning and practice.
Dinaminių sistemų pritaikymas sutrikus abiejų rankų koordinacijai po insulto.
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Santrauka. Per pastaruosius 30 metų sukurtos dinaminių sistemų metodikos padėjo išsiaiškinti principus, kaip vykdoma tarpgalūninė koordinacija, jos dinamiką bei nervinės reguliacijos principus sveikiems žmonėms. Šio tyrimo tikslas -parodyti, kaip šios dinaminės sistemos gali pagelbėti kuriant teorines ir metodines priemones, taikytinas asmenims, turintiems abiejų rankų koordinacijos sutrikimų po insulto, bei jų reabilitacijai. Lyginant su įprastiniais metodais šis originalus tuo, jog galima vertinti ir pagerinti sutrikusią galūnių koordinaciją. Numatome dinaminių sistemų pritaikymų naudingumą siekiant suprasti elgsenos pasekmes, esant centrinės nervų sistemos pažeidimui, abiejų rankų dinamikai po insulto, taip pat nusakoma, kaip panaudoti centrinės nervų sistemos plastiškumą bei saviorganizuojančius procesus, siekiant atkurti koordinuotus judesius.
Išvados. Esant sutrikusiai abiejų rankų koordinacijai po insulto, naudinga dinaminių sistemų metodika. Reikalingi eksperimentiniai ir klinikiniai tyrimai, siekiant sukurti ir patvirtinti reikalingas nuorodas gydymui.
